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The indirect ammoxidation of glycerol to acrylonitrile via intermediate formation of acrolein was studied
using a tandem reactor coupling a dehydration step with an ammoxidation step. For the ﬁrst step of
dehydration of glycerol to acrolein, we used a previously optimized WO3/TiO2 catalyst, while Sb-V-O or
Sb-Fe-O catalysts were developed and used for the subsequent ammoxidation step. Especially, the Sb-
Fe-O catalysts were found highly selective and thus were more-deeply investigated. The corresponding
catalysts were characterized by nitrogen physisorption, X-ray powder diffraction, thermogravimetric
analysis, X-ray photoelectron spectroscopy, and temperature-programmed reduction in the presence ofndirect ammoxidation
crolein
crylonitrile
andem-reactor
H2. We found that the presence of a FeSbO4 mixed phase on the synthesized samples was correlated to
a high selectivity to acrylonitrile. Further, we observed an increase in selectivity to acrylonitrile with the
reaction time, which was explained by the progressive formation of additional amounts of FeSbO4 on
the catalysts during the reaction. Finally, the reaction parameters (temperature, catalyst amount, molar
NH3/AC ratio and molar O2/AC ratio) for the catalyst with an Sb/Fe molar ratio of 0.6 were optimized,
ld in
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. Introduction
The ﬁniteness of fossil feedstock for fuels and the increasing
umber of the global vehicle ﬂeet from approximately 1 billion
owadays (commercial vehicles and passenger cars) to 1.6 billion
y 2030 urge the need for the development of renewables-based
uels such as, for instance, biodiesel obtained by transesteriﬁca-
ion of fats or oils [1,2]. The European Union has deﬁned that, by
020, all the domestic transportation fuels (gasoline and diesel)
old in the EU must be blended with about 10% of bio-fuel [3]. In
rder to achieve such requirements, the production of biodiesel has
rastically increased during the last decade [4]. Consequently, the
vailability of glycerol has increased as well, since approximately
∗ Corresponding author at: Ecole Centrale de Lille, Cité Scientiﬁque BP48, F-59650,
illeneuve d‘Ascq, France. Tel.: +33 0320335457.
E-mail address: sebastien.paul@ec-lille.fr (S. Paul).
926-3373 © 2014 The Authors. Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.apcatb.2012.11.035
Open access under CC BY-NC-ND licensacrylonitrile of 40% (based on glycerol) could be achieved.
4 The Authors. Published by Elsevier B.V.
10wt.% of glycerol are by-produced during the biodiesel process.
Estimations indicate that the supply of glycerol will overpass the
actual demand by at least six times in 2020 [5]. Due to this over-
supply, glycerol has become a very interesting starting material
for the chemical industry [6–10]. One well known upgrading tech-
nology for glycerol is its dehydration to acrolein (AC), which has
been the object of extensive research efforts during the last decade
[11–25]. Acrolein is industrially used to produce methionine and
acrylic acid, but has also several other minor applications [26]. In
fact, acrolein is also considered as potentially being an interesting
intermediate for the production of acrylonitrile (ACN) via ammox-
idation over redox catalysts, but this technology is not yet mature
for commercialization at the industrial scale [27–29]. ACN is used
as a raw material for producing acrylic ﬁbers, ABS (acrylonitrile-
butadiene-styrene) and SAN (styrene-acrylonitrile) resins. It is also
an intermediate in the production process of adiponitrile and acry-
lamide [30].
Nowadays, ACN is almost exclusively produced by the SOHIO
Open access under CC BY-NC-ND license.process, which was developed by the Standard Oil of Ohio com-
pany during the ﬁfties of the last century. In this process, propene
is directly converted to ACN in the presence of air and ammo-
nia over the so-called multicomponent catalysts (MCC) based on
e.
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ismuth-molybdenum oxides with yields higher than 70% [30,31].
lternative processes use, for example, propane as a feedstock, but
he yield is then lower compared to the propene-based process
60% compared to yields higher than 70% for propene) [30,32]. Nev-
rtheless, as the availability of propene is limited due to its fossil
rigin, the development of a sustainable alternative pathway from
enewables is of topical interest. In fact, a process combining the
ehydration of glycerol to acrolein with the ammoxidation of the
atter to acrylonitrile would be an alternative to the production
rocesses based on fossil feedstocks. The realization of the two
eactionscanbeeitherenvisionedusingonesinglemulti-functional
atalyst, which promotes both reactions (direct route), or with two
ifferent catalysts – separately optimized for each reaction step –
indirect route) and sequentially working in two coupled reactors.
The direct ammoxidation of glycerol to acrylonitrile has indeed
een described in the literature. However, only very few papers are
vailable on this particular reaction. Ban˜ares et al. showed that the
irect conversion of glycerol to acrylonitrile is possible over mixed
xides containing Sb, V and Nb. They report a maximum yield in
CN of 48% [33,34]. We tried several times to reproduce the results
ublished by Ban˜ares et al., but the experiments resulted always
n full conversion of glycerol with the formation of only traces
f the desired product ACN (2% of selectivity in a typical experi-
ent) with the main product being CO2 (50% in yield). Therefore,
he indirect route is supposedly more promising as it allows the
ndependent choice of the catalyst and the reaction conditions. Fur-
hermore, one has to keep in mind the compatibility of the catalyst
nd the conditions: For example, the catalyst for the ﬁrst reac-
ion step (dehydration) generally exhibits acidity, whichmay cause
roblems considering the presence of NH3 in the feed. This latter
ill most probably block the acidic centers of the catalyst used
or dehydration. Additionally, the ammoxidation of acrolein is usu-
lly carried out at elevated reaction temperature compared to the
ehydration of glycerol (step I: 270–300 ◦C vs. step II: 400–500 ◦C).
Thus, we focused our investigations on the indirect route.
he ﬁrst step, i.e., the catalytic dehydration of glycerol in the
aseous phase using acid catalysts iswell described in the literature
15,35,36]. According to previous results of Hoelderich’s group, the
O3/TiO2 system proved to be very efﬁcient for the dehydration
f glycerol to AC, with yields above 70% and limited side-products
ormation (acetaldehyde, hydroxyacetone, acetic acid) [15]. In con-
rast, the second stepof ammoxidationof acroleinhasbeen scarcely
iscussed in the literature [27–29,37,38]. Furthermore, when con-
idering a tandem approach via intermediate formation of AC,
he feed of the second reaction step contains impurities (afore-
entioned side-products) from the ﬁrst step of dehydration of
lycerol – including large amounts of water –, which impose the
se of ammoxidation catalysts with an increased tolerance, espe-
ially towards water, but also of which the performances are not
ltered by the presence of organic impurities. Mixed oxides based
n antimony/iron and antimony/vanadium are known to work for
mmoxidation of AC in the presence of water. For instance, Ger-
ain et al. studied the acrolein ammoxidation over a Sn-Sb-Fe-O
atalyst in the presence of water [39]. Even though the steam did
ot improve the yield in ACN, the conversion rate of AC was found
ix times faster than in the case of propene ammoxidation. Nilsson
t al. found that the addition of steam to the feed can even increase
he reaction rate and the selectivity to ACN over Sb-V-O catalysts
riginally developed for the ammoxidation of propane [40].
Therefore, the objective of the present work was to study the
ndirect ammoxidation of glycerol to ACN, via AC as an intermedi-
te, in a continuous gas ﬂow reactor running in the tandem mode
ver WO3/TiO2 (dehydration step) and SbV-O or Sb-Fe-O (ammox-
dation step) catalysts. The main focus was put on the study of the
mmoxidation step under feed conditions simulating the expected
crolein/water ratio obtained by dehydration of glycerol to AC overnmental 132–133 (2013) 170–182 171
previously developed andwell knownWO3/TiO2 catalysts [15]. The
catalytic performances of Sb-Fe-O and Sb-V-O catalysts were eval-
uated and optimized by tuning the reaction temperature, themolar
NH3/AC ratio, the molar O2/AC ratio and the amount of catalyst. In
addition, the feasibility of the indirect ammoxidation of glycerol to
ACN in a tandem-reaction was demonstrated (proof of concept).
2. Experimental
2.1. Catalyst and reactants
The catalyst used for the dehydration of glycerol was prepared
according to the slurry method described by Ulgen et al. [15]. The
WO3 loading was 13.2wt.%. The TiO2 support (Hombikat Typ II)
was kindly provided by Sachtleben AG, Germany.
Several antimony iron mixed oxide catalysts were prepared
according to the deposition method described by Li et al. [41].
An appropriate amount of iron nitrate, Fe(NO3)3·9H2O (Merck)
was dissolved in 500mL of an aqueous oxalic acid solution (0.1N;
Aldrich). Thereafter, the solutionwasheated to80 ◦Cand theappro-
priate amount of antimony-III-oxide (Sb2O3; Alfa Aesar)was added
under stirring. The resulting solution temperature was maintained
between 80 and 90 ◦C under stirring for 3h in order to evaporate
the solvent. Afterwards, the resulting cake was dried at 100 ◦C for
72h. The catalyst powder was then pressed to pellets before being
crushed and sieved to obtain a particle size between 0.5 and 1mm.
Finally, the catalyst particles were calcined at 500 ◦C under air for
8h.
The antimony vanadium mixed oxide was prepared following
the method described by Nilsson et al. [40].
Ammonium metavanadate NH4VO3 (ABCR GmbH) was dis-
solved in hot water (80 ◦C). After addition of antimony-III-oxide
(Sb2O3; Alfa Aesar), the solution was heated under reﬂux with stir-
ring over night. Thereafter, the excess water was evaporated at a
temperature between 80 and 90 ◦C. The remaining cake was dried
at 110 ◦C overnight and afterwards at 350 ◦C under air. Thereupon,
thecatalystpowderwaspressed topelletsbeforebeingcrushedand
sieved to obtain a particle size of 0.5 to 1mm. At last, the particles
were calcined at 610 ◦C in air.
The catalysts were named according to their composition and
theoretical molar ratio of the single components. For example, the
antimony iron mixed oxide with a molar Sb/Fe ratio of 0.8 was
named SbFeO0.8, whereas the antimony vanadium mixed oxide
with the same molar ratio was be named SbVO0.8.
Glycerol (Aldrich, 99%) and acrolein (Fluka, 95%) were used to
prepare the feed solutions for the dehydration and the ammox-
idation reactions, respectively. High purity oxygen (Westfalen or
Air-Liquide, 99.9%) and ammonia (Westfalen, 99.9%) were pur-
chased.
2.2. Ammoxidation catalyst characterization
The speciﬁc surfaceareas (SBET) and total porevolumes (Vp)were
measured by the N2 physisorption/desorption technique, using a
Micromeritics ASAP 2010 analyser at the liquid nitrogen temper-
ature (77K). The speciﬁc surface areas were calculated using the
BET (Brunauer–Emmett–Teller)method. The total pore volumewas
determined using the point measured at a relative pressure P/P0
of 0.995. The samples were outgassed at 150 ◦C for 3h prior to
analysis.Thermogravimetry (TG) analyses were performed using a TA
instruments (Model 2960 SDT, V3.0F) to study the thermal decom-
position behaviour of the fresh (meaning calcined but not used in a
catalytic test) and spent (meaning calcined and used in a catalytic
172 C. Liebig et al. / Applied Catalysis B: Environmental 132–133 (2013) 170–182
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est) catalysts. The catalysts were heated from room temperature
o 700 ◦C with an increasing rate of 3 ◦C/min under air ﬂow.
The crystalline structures of the catalysts were determined by
he X-ray diffraction (XRD) technique on a Bruker D8 Advance
iffractometer, using the CuK˛ radiation ( = 1.5506 A˚) as an X-
ay source. A range from 5◦ < 2 <80◦ was scanned by steps of
.05◦/s and with an 1 s acquisition time.
X-ray photoelectron spectroscopy (XPS) surface analyses were
arried out using aKratosAxisUltraDLDapparatus equippedwith a
emispherical analyser and a delay line detector. The spectra were
ecorded using an Al mono-chromated X-ray source (10kV, 15mA)
ith a pass energy of 40eV (0.1 eV/step) for high resolution spectra,
nd a pass energy of 160eV (1 eV/step), for the survey spectrum in
ybrid mode and slot lens mode, respectively.
The reducibility of the catalysts was evaluated by temperature-
rogrammed reduction (TPR) at atmospheric pressure. 100mg of
ample were loaded into a quartz reactor and pre-treated by a
e ﬂow (30mL/min) at 100 ◦C for 2h. Then, the pure helium
ow was replaced by the reductive gas H2/He (5mol.% H2 in
e) at a ﬂow-rate of 30mL/min. The temperature of the reactor
as linearly increased from 100 to 800 ◦C at a rate of 5 ◦C/min.
he efﬂuent gas was analysed by a thermal conductivity detector
TCD).
.3. Experimental setup for the evaluation of the catalytic
erformances
Aschematicdiagramof the integrated setupused for the indirect
mmoxidation of glycerol is shown in Fig. 1. The setups used for
he decoupled dehydration of glycerol and the ammoxidation of
crolein were designed similarly.
All the reactionswere performedunder atmospheric pressure in
ontinuousplugﬂowﬁxed-bed reactors designedunder the formof
coil made of stainless steel with an inner diameter of 6mm. Each
eactor was placed in an electrically heated oven equipped with an
ir circulation system in order to maintain an uniform temperature
istribution in theoven. All the reactorswere connected to anevap-
rator that was used to ensure vaporisation of the liquid reactants
efore contacting the catalytic bed. It was made of a stainless steel
ube of an appropriate length, which was heated by a heating tape.tup for the tandem process.
The reactors were ﬁlled with granulated catalysts with a particle
size of 0.5–1mm. The reaction productswere collected in a double-
jacket separating funnel connected to a reﬂux condenser. The tem-
peratureof thecooling trapwasmaintainedat -5 ◦Cusingacryostat.
In the case of the setup used for the ammoxidation of acrolein and
of the setup used for the indirect ammoxidation of glycerol, the
productswere condensed in an acidic solution (5wt.% acetic acid in
water, 35 g in total) in order to immediately neutralize non-reacted
ammonia in order to suppress ammonia-induced polymerization
of acrolein. Additionally, an acidic solution (17wt.% acetic acid in
water, ﬂow rate 17g/h) was injected directly after the catalytic bed
with the purpose of inhibiting the polymerization in the tubing
between the reactor and the cooling trap. All the liquid reactants
were pumped with diaphragm pumps (FINK). The ﬂow rate of
the gaseous reactants was controlled with mass-ﬂow controllers
(Brooks).
For thedehydrationof glycerol, theparameterswereﬁxedas the
optimal ones found in our previous study [15]: the reaction tem-
perature was set at 280 ◦C. 5 g of 13.2wt.% or 15wt.% WO3/TiO2
were used as the catalyst. The ﬂow rate of the 20wt.% aqueous
glycerol solution was set to 23g/h. The O2 ﬂow was adjusted to
11.33mL/min at standard temperature and pressure. This quan-
tity of oxygen was selected to suppress catalyst deactivation while
avoiding the formation of oxidized by-products, as stated by Ulgen
et al. [15].
The screening of the SbFeO and SbVO catalysts for the ammox-
idation of acrolein was carried out at 400 ◦C. The molar NH3/AC
and O2/AC ratios were set at 1.0 and 0.5, respectively. For each
test, 5 g of catalyst were loaded into the reactor. An aqueous solu-
tion of acrolein (7.1wt.%) was fed to the reactor at a ﬂow rate of
48g/h. These ﬁgures simulated a realistic yield of 62% in acrolein
expected from the ﬁrst reaction step (dehydration). The feed solu-
tion for theAC ammoxidation experimentswas preparedbymixing
the appropriate amount of synthetic acrolein with water.
The experimental design was generated by the statistical soft-
ware Design-Expert, Version 5.0.8, Stat-Ease Inc. The response
surface methodology was used in order to investigate the inﬂu-
ence of the varied parameters (reaction temperature, catalyst
amount, molar O2/AC ratio, molar NH3/AC ratio) on the response
variables.
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Table 1
Catalytic performance of WO3/TiO2.
1h 2h 3h 4h 5h Average
X glycerol, % 97 98 97 93 95 96
S acrolein, % 40 61 82 84 81 70
S hydroxyacetone, % 1.1 1.1 1.9 1.6 2.2 1.6
S acetaldehyde, % 1.7 1.9 1.3 1.5 1.2 1.5
S propionaldehyde, % 7.2 1.1 0.5 0.6 0.5 2.0
T
C
R
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The parameters applied for the tandem reaction are described
n Section 3.1.2.
.4. Products analysis
The quantiﬁcation of the liquid product samples was carried
ut using high-performance liquid chromatography (HPLC) and
as chromatography (GC). The samples were analysed by means
f high-performance liquid chromatography on a Merck Hitachi
pparatus, equipped with a refractive index detector and a Nucle-
gel Sugar810Hcolumn(length:300mm; innerdiameter: 7.8mm)
aintained at 35 ◦C. The mobile phase was a 5mM sulfuric acid
olution pumped at 0.8mL/min.
The gas chromatography measurements were performed on a
E Instruments GC 8000 TOP apparatus equipped with a ﬂame
onization detector (FID) and an Alltech EC-1000 semi-capillary
olumn (length: 30m; diameter: 0.53mm; ﬁlm thickness: 1.2m)
sing helium as a carrier gas (Air Liquide, 99.999%). The temper-
ture program used was: 40 ◦C for 7min before heating to 240 ◦C
ith a ramp of 20 ◦C/min and hold 240 ◦C for 1minute. The injector
nd detector temperatures were set at 240 ◦C.
The glycerol and AC conversions were calculated using the fol-
owing Eq. (1):
= nReactant,in − nReactant,out
nReactant,in
(1)
here n is the amount of the reactant (either glycerol or acrolein)
n moles before and after reaction.
The selectivity to AC and ACN were calculated as depicted in Eq.
2)below,wherenProduct is relatedeither toacroleinor acrylonitrile.
= nProduct
nReactant,in − nReactant,out
(2)
Due to technical limitations, analysis of the gaseous products
s well as identiﬁcation of by-products was only possible for some
peciﬁc experiments.We veriﬁed that themain by-products for the
ndirect ammoxidation of glycerol to acrylonitrile are CO2 (selec-
ivity usually around 15%), acetaldehyde (selectivity usually of ca.
%) and acetonitrile (selectivity usually of ca.3%). Carbonmonoxide
ouldnot bedetectedas it is normally formed inoxidation reactions
n the presence of oxygen. A water gas shift reaction might happen
orming CO2 and H2 out of CO. However, H2 could not be detected
ue to experimental limitations. A typical carbon balance was 75%
or those experiments. Therefore, we present the mass balance,
ven though the high water content might have some inﬂuence
n the accuracy.
Themass balance of the experimentswas calculated by dividing
he weight of the liquid products condensed in the cooling trap by
he sum of the reactants fed to the reactor.
. Results and discussion
.1. Catalytic performance tests.1.1. Preliminary tests – dehydration of glycerol
In a ﬁrst approach, the dehydration of glycerol was studied
sing a WO3/TiO2 catalyst in a water-rich feed (80wt.%). As
able 2
atalytic performance of SbFeO0.8 and SbVO0.8.
Catalyst Molar ratio Conversion, %
AC
SbFeO Sb/Fe 0.8 80
SbVO Sb/V 0.8 75
eaction temperature: 400 ◦C; catalyst amount: 5.0 g; reactants molar ratios: O2/AC = 0.5
.2% O2, 2.4% NH3, 2.4% AC.Reaction temperature: 280 ◦C; catalyst amount: 5.0 g; 11.33mL/min O2; contact
time: 0.36 s; gas phase composition at 280 ◦C: 92.74% H2O, 2.72% O2, 4.54% glycerol.
aforementioned, the reaction conditions were chosen as those
claimed as the optimal ones in the literature [15]. Table 1 shows
that the glycerol conversion is stable during the ﬁrst 3h on stream.
Afterwards, the conversion rate slightly decreases with time on
stream (TOS). The selectivity towards AC reached 40% after 1h
and signiﬁcantly increased within the next 2h to 82%. Thereafter,
the selectivity remained rather stable. In total, 96% conversion of
glycerol and 70% selectivity towards AC were observed. The main
by-products were hydroxyacetone (1.6%), acetaldehyde (1.5%) and
propionaldehyde (2.0%). These results are in good agreement with
those reported by Ulgen et al. [15].
The long-term stability of the WO3/TiO2 system was not inves-
tigated in this study as it was already studied by Ulgen et al. They
showed that the glycerol conversion rate decreases exponentially
from 100% to approximately 50% over 96h of TOS [15].
These results illustrate that stable glycerol conversionwithgood
yield in acrolein are obtained in this ﬁrst reaction step. The efforts
were then concentrated on themuchmore exploratory second step
of acrolein ammoxidation.
3.1.2. Ammoxidation of acrolein
3.1.2.1. Preliminary catalytic testswith antimony-ironandantimony-
vanadium mixed oxides. In a ﬁrst series of experiments of AC
ammoxidation, a SbFeO catalyst and a SbVO catalyst – both with a
Sb/Fe and Sb/V ratio of 0.8 – were tested in order to compare their
respective performances. The results are shown in Table 2. The AC
conversion obtained over SbFeO0.8 was 80%. SbVO0.8 showed a
somewhat lower conversion of 75%. The selectivity to acrylonitrile
was considerably larger for SbFeO0.8 catalyst, exhibiting 31% after
5h on stream, whereas in the case of SbVO0.8, the selectivity to
ACN did not overpass 14%. Consequently, the yield in the desired
product, i.e., ACN reached 25% for the SbFeO catalyst and only 11%
for the SbVO catalyst (Table 2).
The results obtained in the preliminary experiments thus
encouraged us to focus on antimony-iron catalysts and to study
the inﬂuence of their molar composition on their catalytic perfor-
mances in the ammoxidation of acrolein.
3.1.2.2. Screening of antimony/iron ratio. Three additional SbFeO
catalysts with molar Sb/Fe ratios of 0.4, 0.6 and 1.0 were subse-
quently tested. The results of the screening of their performances
are given in Table 3, which gives the AC conversion as well as the
ACN selectivity and the yield in ACN for each Sb/Fe ratio. In terms
of acrolein conversion, no obvious trend can be noticed. The high-
est catalytic conversion of 80% was observed for the catalyst with
Selectivity, % Yield, % Mass balance, %
ACN ACN
31 25 100.0
14 11 97.9
and NH3/AC=1.0; contact time: 0.12 s; gas phase composition at 400 ◦C: 94% H2O,
174 C. Liebig et al. / Applied Catalysis B: Enviro
Table 3
Screening of Sb/Fe ratio: catalytic performances.
Catalyst Conversion, % Selectivity, % Yield, % Mass
balance, %
AC ACN ACN
Sb/Fe 0.4 70 22 15 98.0
Sb/Fe 0.6 55 28 15 99.7
Sb/Fe 0.8 80 31 25 100.0
Sb/Fe 1.0 58 17 10 98.9
Reaction temperature 400 ◦C; catalyst amount 5.0 g; reactant ratio O2/AC 0.5 and
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fH3/AC 1.0; Contact time: 0.12 s; gas phase composition at 400 ◦C: 94% H2O, 1.2%
2, 2.4% NH3, 2.4% AC.
molar Sb/Fe ratio of 0.8. For the catalysts with molar ratios of
.6 and 1.0, the catalytic activity was slightly lower, 55% and 58%,
espectively. However, the catalytic conversion of the catalyst with
molar Sb/Fe ratio of 0.4 was 70%, namely the second best per-
ormance of the series. The yield in ACN was the same at 15% for
bFeO0.4 and SbFeO0.6. Afterwards, it reached a maximum with
5% for the catalyst with an Sb/Fe molar ratio of 0.8. In case of the
atalyst with equimolar Sb/Fe ratio, the yield droped to its mini-
um of 10%. Thus, the SbFeO0.8 catalyst was clearly the best of the
eries in terms of catalytic performances and especially in terms of
CN yield.
Compared with results reported for the ammoxidation of
crolein in literature, the obtained yield in ACN over SbFeO0.8 is
learly lower. For example, the Distillers Company Limited ﬁled a
atent in1959dealingwith theammoxidationof acroleinover anti-
ony tin mixed oxides, in which they reported a maximum yield
f 74% [37]. However, in their case, the ammoxidation was carried
ut in the absence of water, thus indicating that water may pos-
ibly inﬂuence the catalytic performance in the ammoxidation of
crolein. Therefore, when comparing our results with those of the
iterature, one has to keep in mind that the feed to the second reac-
ion step in the indirect ammoxidation of glycerol contains large
mounts of water (approximately 87%)..1.2.3. Parameter optimization. As the results of the screening of
hemolar antimony to iron ratiowere promising, a design of exper-
ments (DoE) was carried out in order to optimize the key reaction
arameters – reaction temperature, catalyst amount in order to
ig. 2. AC conversion as a function of the reaction temperature and the catalyst amoun
unction of the O2/AC and NH3/AC ratios at constant reaction temperature of 400 ◦C and cnmental 132–133 (2013) 170–182
vary the contact time, NH3/AC molar ratio and O2/AC molar ratio
– for the catalyst with a molar Sb/Fe ratio of 0.6 as it exhibited
medium values in terms of selectivity towards ACN (28%) and con-
version of acrolein (54%), therefore, being suitable for studying the
inﬂuence of the parameters on the ACN selectivity as well as the AC
conversion. The SbFeO0.8 catalyst was not selected for the DoE as it
already showed a high AC conversion and therefore, indicating less
room for improvements in terms of catalytic activity compared to
the SbFeO0.6 catalyst. The experimental design was generated by
the statistical software Design Expert, Version 5.0.8, Stat-Ease Inc.
Fig. 2 illustrates the inﬂuence of the reaction temperature, the
catalyst amount, and the O2/AC and NH3/AC ratios on the conver-
sion of AC. Thereby, the conversion is increased with the amount
of catalyst and the reaction temperature, reaching up to 82% for
6.5 g of catalyst at 425 ◦C. Furthermore, the conversion of AC also
increased with the O2/AC and NH3/AC ratios. The highest acrolein
conversion (88%) was obtained for an O2/AC molar ratio of 5 and a
NH3/AC molar ratio of 1.5.
The inﬂuenceof theparametersvariationson theACNselectivity
is depicted in Fig. 3. At a reaction temperature of 375 ◦C and a rela-
tively low catalyst mass of 3.5 g, the selectivity exhibited its overall
minimum of 15%. In relation to the reaction temperature and the
catalyst amount, the best selectivity of 30% was achieved at 400 ◦C
over 5g of catalyst. However, the selectivity showed a plateau at
around400 ◦C,whereby similar selectivity toACN(around30%)was
achieved for catalyst amounts from 5.0 to 6.5 g.
The variation of the O2/AC ratio resulted in an optimum for the
selectivity to ACN at a molar ratio of 3.5, irrespective of the NH3/AC
ratio. This value is seven times higher than the stoichiometric ratio
of oxygen.However, it is reported in the literature thatO2/ACmolar
ratios up to 10 can be applied [28]. No absolute optimum in terms
of ACN selectivity was observed for the variation of the NH3/AC
ratio in the range between 0.5 and 1.5. The selectivity increased lin-
early with an increasing amount of NH3 leading to the assumption
that the selectivity to ACN can be still improved by applying higher
NH3/AC ratios. For further determination of the observed positive
effect of higher NH3/AC ratios, additional tests were carried out
with molar ratios higher than 1.5, while keeping the other param-
eters as constant at the aforementioned optimum values (namely,
reaction temperature: 400 ◦C; catalyst amount: 5 g; O2/AC ratio:
3.5). The results are presented in Table 4. For NH3/AC ratios higher
t at constant O2/AC ratio of 3.5 and NH3/AC ratio of 1.0 (left); AC conversion as a
atalyst amount of 5.0 g (right).
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Fig. 3. ACN selectivity as a function of the reaction temperature and catalyst amount at constant O2/AC ratio of 3.5 and NH3/AC ratio of 1.0 (left); ACN selectivity as a function
of the O2/AC and the NH3/AC ratios at constant reaction temperature of 400 ◦C and catalyst amount of 5.0 g (right).
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Rig. 4. ACN yield as function of the reaction temperature and catalyst amount at c
2/AC and the NH3/AC ratios at constant reaction temperature of 400 ◦C and cataly
han 1.5, the conversion increased from 81% to 88–89%, while the
CN selectivity dropped to 34% ± 1%. This led to a lower yield in
CN, with a decrease from 36% for an NH3/AC molar ratio of 1.5
o 29% for an NH3/AC molar ratio of 2. It can be assumed that the
able 4
atalytic performance of SbFeO0.6 for different NH3/AC ratios.
Catalyst NH3/AC Conversion, % Selectivity, % Yield, % Mass
balance, %
AC ACN ACN
Sb/Fe0.6 1.5 81 44 36 99.0
Sb/Fe0.6 1.75 89 36 32 98.0
Sb/Fe0.6 2 88 33 29 98.0
eaction temperature 400 ◦C; catalyst amount 5.0 g; reactant ratio O2/AC 3.5.nt O2/AC ratio of 3.5 and NH3/AC ratio of 1.0 (left); ACN yield as a function of the
unt of 5.0 g (right).
increase in AC conversion is caused by a NH3 induced polymeriza-
tion of acrolein as described in the literature [42,43]. As reported
by Hank et al., already small amounts of NH3 (AC/NH3 molar ratio
10,000) are sufﬁcient to promote a polymerization of acrolein [43].
Thus, an NH3/AC molar ratio of 1.5 was kept as the optimal one.
After the reaction screening for the purpose of complying with
the design of experiments needs for parameters scanningwas com-
pleted, point prediction was conducted in order to control if the
predicted catalytic performance for the optimized reaction param-
eters (Fig. 4; reaction temperature of 400 ◦C, 5.0 g of catalyst, O2/AC
ratio of 3.5, NH3/AC ratio of 1.5) ﬁts the results of the real experi-
ment under these reaction conditions. Table 5 depicts the catalytic
performance obtained in the experiment and the AC conversion,
ACN selectivity and ACN yield predicted by the statistical software
for the optimized parameters. From the results, one can see that the
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Table 5
Comparison of predicted and real results for optimized parameters.
Catalyst Experiment Conversion, % Selectivity, % Yield, %
ACN ACN ACN
Sb/Fe0.6 Predicted 81 37 31
Sb/Fe0.6 Measured 84 44 36
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Table 6
Catalytic performance of SbFeO0.6 for different reactants.
Reactant Hydroxyacetone Acetaldehyde Propionaldehyde
Conversion, % 100 74 100
S acrylonitrile, % 0 0 5
S acetonitrile, % 0.5 35 7
S propionitrile, % – – 3
S acetaldehyde, % 11 – 4
S acrolein, % 0.1 0.1 5eaction temperature 400 C; catalyst amount 5.0 g; reactant ratio O2/AC 3.5,
H3/AC 1.5; gas phase composition at 400 ◦C: 86.8% H2O, 7.7% O2, 3.3% NH3, 2.2%
C.
atalytic performance experimentally obtained is slightly higher
han the performance suggested by the software (36% yield vs.
1% yield). Nevertheless, the difference is negligible, as the yield
bserved in the experiment is within the accuracy limitations of
he prediction (5% standard error).
.1.2.4. Inﬂuence of water. Water is the main component of the
eed for the ammoxidation of acrolein and, in contrast with most
f the previous papers dealing with this reaction, the water con-
ent in our case is comparatively high (ca. 87%). Nevertheless, one
an consider that, in an industrial process, the products from the
rst reactor can be partly puriﬁed by condensing the high boil-
ng point intermediates such as hydroxyacetone (boiling point of
45 ◦C) together with water, before being fed to the second reac-
or. Thus, the inﬂuence of water on the catalytic performance of
bFeO0.6 has been investigated by replacing water in the feed with
itrogen, which was saturated with the appropriate amount of AC.
he results obtained in the presence and the absence of water over
bFeO0.6 are presented in Fig. 5.
The acrolein conversion increased during the ﬁrst 3h of TOS
rom 73% to 87% in the experiment without water addition.
fterwards, the conversion stabilized at 85%. In contrast, the AC
onversiondecreased from84% (1h) to76% (3h) and remained con-
tant until the end of the experiment when water was present in
he solution feed.
The acrylonitrile selectivity remained stable at 26% in the begin-
ing of the experiment without water and started to decrease after
h on stream to 21%, ultimately. In contrast, the presence of water
igniﬁcantly increased the selectivity towards the desired product
crylonitrile steadily over time on stream from 29% (1h) to 47%
2h) and 52% (3h).
ig. 5. AC conversion and ACN selectivity plotted over time on stream in the
resence and the absence of water at 400 ◦C, NH3/AC ratio =1.5, O2/AC ratio =3.5,
bFeO0.6 amount =5.0 g, contact time=0.12 s; Gas phase composition at 400 ◦C:
6.8% H2O or N2, 7.7% O2, 3.3% NH3, 2.2% AC.Reaction temperature 400 ◦C; catalyst amount 5.0 g; reactant ratio O2/reactant 3.5,
NH3/reactant 1.5; contact time 0.12 s; 5h of TOS; gas phase composition at 400 ◦C:
86.8% H2O or N2, 7.7% O2, 3.3% NH3, 2.2% reactant.
3.1.2.5. Ammoxidation of by-products. The reactivity of the main
by-products of the dehydration of glycerol (hydroxyacetone,
acetaldehyde, propionaldehyde; cf. Section 3.1.1) under ammox-
idation conditions over the WO3/TiO2 system were investigated.
Therefor, each by-product was used as a reactant in the ammoxi-
dation over SbFeO0.6 under identical reaction conditions as those
applied for the ammoxidation of AC. The results are reported in
Table 6.
In the case of hydroxyacetone, full conversion and no selectiv-
ity towards ACN was observed. The main product identiﬁed was
acetaldehyde (11%).Only tracesof acrolein (0.1%) aswell as acetoni-
trile (0.5%) were found. Due to the high conversion rate, it is most
likely that hydroxyacetone was decomposed under the applied
reaction conditions into carbon oxides. However, due to technical
limitations, identiﬁcation and quantiﬁcation of those compounds
was not possible.
In the experiment with acetaldehyde, the conversion rate
reached 74%. Once again no selectivity towards the desirable prod-
uct ACN was observed. The main product of the ammoxidation of
acetaldehyde was acetonitrile (35%).
Full conversion was obtained in the experiment with propi-
onaldehyde. In contrast to the other reactants, acrylonitrile (5%)
was formed under the applied reaction conditions. Furthermore,
acrolein (5%), acetaldehyde (4%), propionitrile (3%) and acetonitrile
(7%) were identiﬁed with similar selectivities. Consequently, from
these results, it is suggested that the by-products of the dehydra-
tion of glycerol possibly inﬂuence the ammoxidation of AC to ACN.
Especially, due to formation of propionaldehyde, it is possible that
the selectivity towards ACN in the tandem process is even higher
than for the single ammoxidation of AC.
The corresponding reactions from the by-products are depicted
in Scheme 1.
3.1.2.6. Long-term performance test. The long-term performance of
the SbFeO0.6 catalyst has been investigated in a 24h experiment.
The results are shown in Fig. 6.
The acrolein conversion stabilized at 86±1% after 3h on stream
and then remained constant till the end of the experiment. The
selectivity towards acrylonitrile increased signiﬁcantly from 19%
(1h) to 40% (2h) in the beginning of the experiment. Afterwards,
the selectivity increased slightly to 45% (7h) and remained nearly
constant overnight reaching 43% (23h) and 46% (24h) at the
end of the experiment. Thus, the long-term stability of the anti-
mony iron mixed oxide with a molar ratio of 0.6 was clearly
proven.
3.1.3. Tandem ammoxidation of glycerol
3.1.3.1. Adjustment of the residence time in reactor II. Finally, the
catalytic performance of the WO3/TiO2 catalyst (13.2wt.%) and of
SbFeO0.6were sequentially investigated in the tandem-reactor. For
the dehydration of glycerol to AC, the reaction parameters were
selected as those described in Section 2.3. The optimized reac-
tion parameters for the ammoxidation of AC to ACN – obtained
C. Liebig et al. / Applied Catalysis B: Environmental 132–133 (2013) 170–182 177
produ
b
p
(
t
s
w
v
t
i
p
y
i
t
a
o
a
b
F
d
t
A
sion and 81% acrolein conversion, respectively. This result may be
explained by the higher amount of catalyst. The mass balance of
the experiment was 97.5%.Scheme 1. Ammoxidation reactions of the by-
y the DoE – were adapted to the tandem-reactor (reaction tem-
erature: 400 ◦C: O2/AC molar ratio: 3.5; NH3/AC molar ratio: 1.5)
cf. Section 3.1.2.3). However, preliminary experiments with the
andem-reactor showed that the conversion of AC from the ﬁrst
tep was signiﬁcantly lower than expected: 26% of unreacted AC
as still detected after the second step compared to an expected
alue of 14%. One explanation may be that the acrolein concen-
ration in the feed to the second reactor was higher (70% yield
n acrolein, cf. Section 3.1.1) than the concentration used for the
arameter optimization (the concentration corresponded to 62%
ield in acrolein, cf. Section 2.3).
In order to increase the conversion of acrolein in the ammox-
dation step, we thus decided to increase the residence time for
he latter reaction. Hence, the catalyst mass was increased by
factor two from 2.75g to 5.5 g leading to a residence time
f 0.24 s (compared to the previous value of 0.12 s). The results
re reported in Fig. 7. The conversion of glycerol remained sta-
le at 100% over 6h on stream. In the ﬁrst hour on stream, 20%
ig. 6. Catalytic performanceof SbFeO0.6plottedover timeon stream; reaction con-
itions: 400 ◦C, NH3/AC ratio =1.5, O2/AC ratio =3.5, catalyst amount =5.0 g, contact
ime=0.12 s; gas phase composition at 400 ◦C: 86.8% H2O, 7.7% O2, 3.3% NH3, 2.2%
C.cts from the 1st step (dehydration of glycerol).
selectivity to ACN was observed. Thereafter, the selectivity stabi-
lized at values above 40%, showing a gently increasing trend. The
AC selectivity slightly increased during the ﬁrst 4h on stream from
4% to 10% and remained constant afterwards. This suggests that,
even with increased residence time of 0.24 s, the conversion of AC
in the ammoxidation stage is not complete, which is in agreement
with the previous results (Section 3.1.2).
Nevertheless, the overall catalytic performance is signiﬁcantly
higher than that onecouldexpect fromthecombinationof the inde-
pendent results of the decoupled experiments, which supposed
selectivity to AC of 14% and 27% to ACN at 100% glycerol conver-Fig. 7. Catalytic performance as function of time on stream for the combined reac-
tions; a: 2.75 g catalyst step II, b: 5.5 g catalyst step II, c: predicted results; reaction
conditions step I: 280 ◦C, 5.0 g of 13.2wt.% WO3/TiO2 catalyst, O2/glycerol ratio of
0.6, contact time of 0.36 s, gas phase composition at 280 ◦C: 92.74% H2O, 2.72% O2,
4.54% glycerol and step II: 400 ◦C, 2.75g or 5.5 g of SbFeO0.6 catalyst, O2/AC ratio of
3.5, NH3/AC ratio of 1.5, contact time of 0.12 s or 0.24 s, gas phase composition at
400 ◦C: 86.8% H2O, 7.7% O2, 3.3% NH3, 2.2% AC.
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Fig. 8. Catalytic performance as function of time on stream for the combined
reactions; reaction conditions step I: 280 ◦C, 5.0 g of 15wt.% WO3/TiO2 catalyst,
O2/glycerol ratio of 0.6, contact time of 0.36 s, gas phase composition at 280 ◦C:
92.74% H2O, 2.72% O2, 4.54% glycerol and step II: 400 ◦C, 5.5 g of SbFeO0.6 catalyst,
O2/AC ratio of 3.5, NH3/AC ratio of 1.5, contact time of 0.24 s, gas phase composition
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st 400 ◦C: 86.8% H2O, 7.7% O2, 3.3% NH3, 2.2% AC.
.1.3.2. Long-term performance test. The long-term performance of
he indirect ammoxidation of glycerol was studied in a 26h exper-
ment over a 15wt.% WO3/TiO2 catalyst (step I) and the SbFeO0.6
atalyst (step II). The results are given in Fig. 8.
The glycerol conversion remained stable at 100% over 26h on
tream. The acrylonitrile selectivity increased from 27% (1h) to
6±1%, and remained stable for the ﬁrst 5h on stream. Afterwards,
he selectivity steadily decreased to 25% (26h). The selectivity
owards the intermediate acrolein increased from3% (1h) over 16%
2h) to 20±1% and remained constant until the end of the exper-
ment. In contrast to the best performance obtained so far for the
ndirect ammoxidation of glycerol (40% yield in ACN over 6h on
tream, cf. Section 3.1.3.1), the performance over 26h on stream
as clearly decreased. However, regarding only the ﬁrst 5h of the
xperiment, the yield in acrylonitrile was comparable to the best
xperiment (34% on average vs. 40%). In terms of acrolein, the selec-
ivity was more than doubled compared to the best performance
bserved so far (20% vs. 8%). This is most likely caused by the dif-
erent catalyst batch used for the dehydration in this experiment
15wt.%WO3/TiO2 vs.13.2wt.%WO3/TiO2),which causedprobably
higher yield in acrolein in the ﬁrst step.
Ulgen et al. stated that the glycerol conversionover a similar cat-
lyst (13.9wt.% WO3/TiO2) decreased by 20% after 24h on stream
15]. This fact may explain the decreasing trend observed for the
crylonitrile selectivity, meaning that the acrolein concentration in
he feed to the second reactor decreased over the time on stream.
herefore, the NH3/AC ratio increased over the time, which led to
decreasing ACN selectivity, as observed by the variation of the
H3/AC ratio during the experimental design (cf. Section 3.1.2.3).
urthermore, the arrival of non-converted glycerol in the second
eaction step may affect the catalytic performance. Glycerol will be
hermally activated and form – among others – coke (cf. Fig. S1).
hus, the ammoxidation catalyst is also deactivated, which results
n a decreasing acrolein conversion. Consequently, i) the glycerol
onversion remains stable at 100%, ii) the lower amount of AC in
he feed to second reactor is compensated by the lower activity of
he ammoxidation catalyst, whereby the selectivity towards AC in
otal is constant and iii) due to the deactivation of SbFeO0.6, the
electivity to ACN drops.Fig. 9. XRD patterns of the calcined catalysts (a: SbFeO0.4, b: SbFeO0.6, c: SbFeO0.8,
d: SbFeO1.0).
3.2. Characterization results and interpretation of the catalytic
performances
The SbVO and SbFeO catalysts were characterized using various
techniques in order to explain the differences in conversion and
selectivity to the respectively desired products.
3.2.1. XRD
The catalysts were characterized by X-ray diffraction to study
the relationship between the different phases observed over the
mixed oxides and catalytic performances.
The results of the X-ray diffraction of the SbFeO catalysts with
differentmolar ratios are presented in Fig. 9. Three different phases
were identiﬁed in all the catalysts: antimony-IV-oxide, iron-III-
oxide and iron-antimony mixed oxide. The characteristic peaks of
Sb2O4 were identiﬁed at 2 =25.8◦, 29◦, 30.3◦ (JCPDS #11-0694)
and those of Fe2O3 at 2 =24.2◦, 33.2◦, 35.7◦, 49.4◦, 54◦, 62.4◦, 64◦
(JCPDS #33-0664). The characteristic reﬂections of the antimony
iron mixed oxide phase FeSbO4 were present at 2 =27.2◦, 34.9◦,
53.1◦ (JCPDS #34-0372).
From the comparison of the four catalysts with different ratios,
one can see that – as expected – the FeSbO catalystwith iron excess
(molar Sb/Fe ratio of 0.4) shows the highest iron-III-oxide reﬂex-
ion intensity. Afterwards, the intensity of these peaks decreases
with an increasing antimony amount. Nevertheless, the signal of
Fe2O3 is still detectable even in the case of the stoichiometric
Sb/Fe molar ratio of 1.0, meaning that iron and antimony do not
quantitatively form the mixed oxide (FeSbO4). This could also be
conﬁrmed by looking at the peaks related to antimony dioxide.
These latter exhibit a comparable level for the mixed oxides with
themolar ratios 0.4 and0.6.However, the signal intensity decreases
for the catalysts with a higher antimony content (SbFeO1.0 and
SbFeO0.8), but still remains detectable. As the characteristic reﬂec-
tions of the antimony iron mixed oxide FeSbO4 became sharper
with an increasing antimony amount, it can be concluded that the
decrease in intensity of the characteristic peaks of Sb2O4 is caused
by the enhanced formation of the FeSbO4 mixed phase. This means
the higher the Sb/Fe ratio of the bulk catalyst, the more FeSbO4
is formed. Nevertheless, one cannot exclude that the decrease in
intensity might also be caused by the formation of an amorphous
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3.1.2.2). The role of iron is predominantly the Fe2+/Fe3+ redox cou-
ple that enables the oxygen adsorption and activation [49].Fig. 10. XRD patterns of the fresh (a) and spent (b) SbFeO0.6.
hase, even though, no such examplewas reported in the literature
et.
To study the inﬂuence of the reaction conditions on the crys-
alline structure of the catalyst, the spent antimony-iron catalysts
ith molar ratios of 0.4 and 0.6 were analysed by XRD. The diffrac-
ion patterns of the fresh and spent catalyst are given in Fig. 10 and
ig. S3. All the phases (Sb2O4, Fe2O3, FeSbO4) that were already
ound in the calcined catalysts were also identiﬁed in the spent
atalysts.
Nevertheless, when comparing the XRD pattern of the fresh and
pent FeSbO with a molar ratio of 0.6, one can clearly realize that
he intensity of the characteristic reﬂections of the antimony-iron
ixed oxide (FeSbO4) were increased after the reaction. Thus, it is
ssumed that additional crystalline mixed phase is formed under
eaction conditions. Furthermore, the broadness of the peaks was
igniﬁcantly decreased after reaction, suggesting thus an increase
n the crystallites size–supposedly due to sintering. On the other
and, the pattern of the catalyst with a molar ratio of 0.4 remained
nchanged during the experiment (cf. Fig. S3). In fact, no change
f the respective intensity for the three identiﬁed phases was
bserved.
This in situ formation of the crystalline FeSbO4 phase can be
irectly correlated with the observed increase in selectivity during
he ﬁrst 3h on stream observed for the SbFeO catalysts with molar
atios of 0.6, 0.8 and 1.0 (cf. Section 3.1.2.2). Thus, it is supposed
hat the mixed phase SbFeO4 is the active species.
On the other hand, the selectivity to ACN observed in the exper-
mentwith SbFeO0.4 even decreased over the time as no additional
eSbO4 was found after test–most likely due to the low antimony
ontent in the bulk, making the in operando formation impossible
cf. Section 3.1.2.2).
.2.2. XPS
To support the results obtained by XRD (cf. Section 3.2.1), which
uggests the formation of the SbFeO4 mixed phase during test, XPS
nvestigationswereperformed. Fig. 11a shows theX-rayphotoelec-
ron spectrum of the fresh SbFeO catalyst with a molar ratio of 0.6.
he peaks at 22eV, 400eV, 540eV and 710–711eV correspond to
he characteristic binding energies ofO2s, N1s, Sb3d3/2 and Fe2p3/2.
he peaks of O1s and Sb3d5/2 overlap at 531eV. Therefore, it was
ecessary to use the O2s and the Sb3d3/2 peaks to carry out theFig. 11. XPS spectra of SbFeO0.6: (a) wide scan of SbFeO0.6 showing principal tran-
sitions, (b) Sb3d/O1s region, (c) Fe2p region.
quantiﬁcation of antimony. All the other peaks can be assigned to
photoemission andAuger transitions of iron, antimony andoxygen.
The Sb 3d3/2 peak magniﬁed in Fig. 11b may correspond to a 5+
oxidation state of antimony. However, it is known from the litera-
ture that the identiﬁcation of the antimony oxidation state can be
difﬁcult as the binding energy of Sb3+ and Sb5+ only differs by 0.6 eV
[44]. Therefore, we could not clearly distinguish between the two
oxidation states from our XPS results. This issue has been previ-
ously discussed in the literature, which suggests the existence of a
surface layer containing only Sb5+ [45] as well as a mixture of Sb3+
and Sb5+ [46,47]. The Fe2p3/2 peak located in the 710eV to 711eV
range (Fig. 11c) is comparable to values recorded for Fe2O3, thus
showing that iron is exclusively present at the oxidation state 3+.
Furthermore, the presence of Sb5+ and Fe3+ proves that the
FeSbO4 mixed phase is present at surface of the catalyst [48].
The surface ratio of antimony to iron was calculated using data
from the Sb3d3/2 and the Fe2p3/2 peaks. The results of the calcined
FeSbO catalysts with molar ratios from 0.4 to 1.0 are shown in lines
one, two, four and ﬁve in Table 7, respectively. The atomic Sb/Fe
ratio at the surface of the catalyst increased with the antimony
loading from 0.16 to 1.50. However, the as-determined antimony
to iron ratios at the surface never matched those from the theo-
retical bulk catalysts.1 In fact, whereas the catalysts with molar
ratios of 0.4 and 0.6 showed an excess in iron at their surface with
atomic ratios of 0.16 and 0.33, respectively, an enrichment in anti-
mony at the surface was observed for FeSbO0.8 and FeSbO1.0, with
ratios of 1.25 and 1.5, respectively (Fig. 12). With respect to the
results of the catalytic experiments, no direct correlation between
the AC conversion and the Sb/Fe surface ratio can be found. From
research on the ammoxidation of propene and propane, it is known
that the role of antimony is to activate the hydrocarbon [49]. Addi-
tionally, it is reported that an excess in antimony at the catalyst
surface improves the selectivity to ACN [45,49]. Though, the results
obtained in our study do not support this suggestion (cf. Section1 Elemental analysis by ICP of the catalysts was impossible, as the catalysts did
not dissolve even in HF after several weeks.
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Table 7
Surface analysis results of the calcined and spent SbFeO catalysts.
No. Catalyst Condition Binding energy, eV Atomic conc., % Atomic ratio
Sb 3d(3/2) (Sb5+) Fe 2p(3/2) (Fe3+) Sb Fe Sb/Fe
1 SbFeO0.4 Calcined 540.5 711.1 4 25 0.16
2 SbFeO0.6 Calcined 540.6 711.5 7 21 0.33
3 SbFeO0.6 Spent 540.6 711.5 13 10 1.30
4 SbFeO0.8 Calcined 540.5 711.4 15 12 1.25
5 SbFeO1.0 Calcined 540.4 710.8 15 10 1.50
Catalyst mentioned in line 3 spent at reaction temperature 400 ◦C; catalyst amount 5.0 g; reactant ratio O2/AC 0.5; NH3/AC 1.0; contact time of 0.12 s; gas phase composition
at 400 ◦C: 94% H2O, 1.2% O2, 2.4% NH3, 2.4% AC
Table 8
Textural properties of the calcined and spent SbFeO and SbVO catalysts.
No. Catalyst Condition SBET , m2/g SMicro BET , m2/g VP , cm3/g VMicro P , cm3/g Productivity,
mmol ACN/h m2
1 SbFeO0.4 Calcined 20 2 0.06 0.0005 0.094
2 SbFeO0.6 Calcined 24 5 0.08 0.002 0.080
3 SbFeO0.6 Spent 14 0 0.04 0 0.135
4 SbFeO0.8 Calcined 32 3 0.11 0.001 0.094
5 SbVO0.8 Calcined 2 1 0.01 0.0004 0.640
6 SbFeO1.0 Calcined 19 2 0.07 0.0005 0.062
C t 5.0 g
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(atalyst mentioned in line 3 spent at reaction temperature 400 ◦C; catalyst amoun
t 400 ◦C: 94% H2O, 1.2% O2, 2.4% NH3, 2.4% AC
Theeffect of the reaction conditions on the catalyst has alsobeen
tudied by XPS. In the case of the catalysts with Sb/Fe ratio higher
han 0.4, XRD of the spent catalyst exhibited increased amount of
he SbFe-mixed oxide phase, (cf. Section 3.2.1). The results of the
PS of the spent SbFeO with a molar ratio of 0.6 are presented in
ine three in Table 7. The antimony to iron atomic ratio considerably
ncreased during the experiment from0.33 to 1.3. Allen et al. stated
hat an enrichment of Sb at the surface of the catalyst is probably
aused by the formation of the FeSbO4 phase as already suggested
y XRD (cf. 3.2.1). The termination of the FeSbO4 lattice is such that
ntimony cations dominate at the surface region [48]. Thus, one
an assume that the FeSbO4 mixed phase is formed under the con-
itions used for the catalytic experiments as it was already stated
rom the XRD results for the spent FeSbO4 with a molar ratio of 0.6
cf. Section 3.2.1).
Fig. 12. Surface Sb/Fe ratio as a function of the bulk Sb/Fe ratio.; reactant ratio O2/AC 0.5; NH3/AC 1.0; contact time 0.12 s; gas phase composition
3.2.3. Nitrogen physisorption
The inﬂuence of the different compositions of the cata-
lysts on their textural properties was investigated by nitrogen
physisorption. The results of thenitrogenphysisorption/desorption
measurements of the SbVO and SbFeO catalysts with molar ratios
of 0.8 are reported in lines four and ﬁve in Table 8. The antimony-
vanadium catalyst exhibited a signiﬁcantly lower speciﬁc surface
area with 2m2/g than the antimony-iron catalyst having 32m2/g.
Nevertheless, this discrepancy in the speciﬁc surface area did not
yield any impact in terms of catalytic conversion, as both catalysts
exhibited nearly the same conversion level of ACwith values of 80%
and 75%, respectively (cf. Section 3.1.2.1).
The speciﬁc surface area of antimony-iron catalysts with differ-
entmolar ratioswas then checked. The results reported in lines one,
two, four and six in Table 8 show that the speciﬁc surface area ini-
tially increases with the atomic Sb/Fe ratio from 20m2/g (SbFe0.4)
to 32m2/g (SbFe0.8) but afterwards drops to 19m2/g (SbFe1.0). The
pore volume showed a similar trend as it increased from 0.06 to
0.11 cm3/g before decreasing to 0.07 cm3/g.With respect to the cat-
alytic conversion observed for those catalysts, one can see that the
AC conversion follows the same trend as the surface area of the
SbFeO catalysts with molar ratios of 0.6, 0.8 and 1.0. However, the
conversion of SbFeO0.4 does not ﬁt into this sequence, as it is the
second highest conversion of all the tested catalysts (70%). Further-
more, the obtained yield in ACNdoes not directly correlatewith the
observed development of the surface area of the catalysts (cf. Sec-
tion 3.1.2.2) either. However, the catalyst with the highest surface
area (SbFeO0.8, 32m2/g) provides the highest yield in ACN of 25%.
In the last series, the SbFeO catalystwith amolar ratio of 0.6was
also exemplarily analysed after test. The result is reported in line 3
in Table 8. The speciﬁc surface area as well as the pore volume of
the catalyst decreased by roughly a factor two during the reaction,
reaching 14m2/g and 0.04 cm3/g respectively after test (compared
with 24m2/g and 0.08 cm3/g for the fresh catalyst). Furthermore,
themicropores surfaceareadecreased from5m2/g to0m2/gduring
the reaction. This decrease can be explained by sintering (as also
suggested by XRD – cf. Section 3.2.1) as well as by the formation of
carbonaceous compounds in the micropores of the catalyst during
the reaction. Nevertheless, as the catalytic performance after 1h
on stream remained rather stable during the long-term test of 24h,
one can assume that the carbonaceous deposits are rather located
C. Liebig et al. / Applied Catalysis B: Enviro
i
w
3
r
b
c
f
r
F
T
o
w
a
p
a
o
t
a
f
a
t
e
s
w
p
f
a
r
t
4
e
F
i
e
o
r
tFig. 13. TPR proﬁle of the calcined (black) and spent (grey) SbFeO0.6.
n the micropores and a so-to-speak steady state is then reached
hen the latter are blocked.
.2.4. TPR
Finally, FeSbO0.6 was studied by H2-TPR to analyse the
educibility of the different phases of the mixed oxide catalyst
efore and after test. The H2-TPR proﬁles of the calcined and spent
atalyst are shown in Fig. 13.No signiﬁcant differencewasobserved
or the calcinedand spent catalyst. Both samples exhibited identical
eduction bands at 400 ◦C, 580 ◦C and 710 ◦C.
It has been reported by de Abreu et al. that the reduction of
e2O3 to Fe3O4 in the presence of H2 takes place at 400 ◦C [50].
herefore, it canbesafelyassumedthat the reductionbandat400 ◦C
f FeSbO0.6 is caused by the reduction of iron as the Fe2O3 phase
as identiﬁed by XRD (cf. Section 3.2.1). The reduction band with
maximum at 580 ◦C was assigned to a reduction of the FeSbO4
hase [51,52]. Bithell et al. showed that, under reducing conditions
t temperatures of 350 ◦C to 500 ◦C, a phase separation of FeSbO4
ccurs, in which an antimony oxide is formed [51].
Van Steen et al. observed a similar phenomenon–It was stated
hat, at 650 ◦C isothermal conditions, FeSbO4 decomposes to Sb2O3
nd Fe2O3. However, the applied reducing conditions are different
or this TPR study [52]. The highest H2 consumption was observed
t temperatures in the range of 600–800 ◦C. The shape of the reduc-
ion band implies that several reduction processes interfere with
ach other. It is suggested that the reduction of Fe3O4 to Fe0 occurs
imultaneously to the reduction of Sb2O4 to Sb2O3 [50,53].
The TPR results of the spent SbFeO0.6 illustrate that the catalyst
as neither reduced nor oxidized during the reaction, as the TPR
roﬁles of the calcined and spent catalyst show only marginal dif-
erences. Nevertheless, it depends on the concentration of reducing
gent (NH3) and oxidizing agent (O2) in the feed of the reactor if a
eduction may take place. From the TPR results, one could suggest
hat a reduction of Fe2O3 is possible at the reaction temperature of
00 ◦C, but this would necessitate large excess in ammonia. How-
ver, the XRD diffractogram of the spent FeSbO0.6 proves that no
e3O4 was formed during the experiment (cf. Section 3.2.1). Hence,
t can be concluded that the ammonia concentrationwas too low to
nable a reduction of iron-III to iron-II. Additionally, the reduction
f Sb2O4 or FeSbO4 under the applied reaction conditions can be
uled out since the reaction temperature was insufﬁcient. Never-
heless, the results imply that the reaction conditions have to benmental 132–133 (2013) 170–182 181
chosen carefully in order to avoid the decomposition of the FeSbO4
active species during reaction.
4. Conclusions
The indirect ammoxidation of glycerol to acrylonitrilewas stud-
ied using a WO3/TiO2 catalyst for the dehydration of glycerol to
acrolein and Sb-V-O or Sb-Fe-O catalysts for consecutive ammoxi-
dation of this latter. Sb-Fe-O catalysts proved to be more efﬁcient
for the second step and our work revealed that the Sb/Fe ratio has
a signiﬁcant inﬂuence on the catalytic performance in the ammox-
idation of acrolein, whereby ratios of 0.6 and 0.8 were found most
favourable. The best result with 44% selectivity in ACN at 81% AC
conversion (36% yield in ACN) was obtained over a FeSbO catalyst
with a molar ratio of 0.6 at 400 ◦C, with 5g of catalyst, an NH3/AC
ratio of 1.5 and, an O2/AC ratio of 3.5 and a contact time of 0.24 s.
The results of the nitrogen physisorption imply that no correlation
between the catalytic activity and the surface area or the pore vol-
ume can be determined. Evidence was found by X-ray diffraction
that additional FeSbO4 is formed under reaction conditions, which
was correlated to an increase in selectivity towards ACN in the ﬁrst
3h time on stream. This result was further conﬁrmed by XPS anal-
ysis. The XPS study of the spent FeSbO catalyst with a bulk molar
ratio of 0.6 showed that the Sb/Fe ratio at the catalyst surface con-
siderably increased under reaction conditions, which was assigned
to the formation of the FeSbO4 phase. A long-term experiment
revealed that the catalytic performance remained constant after 7h
of timeonstream.This indicates that the formationof FeSbO4 under
reaction conditions is a time-limited process (induction phase).
The results from TPR of the FeSbO catalyst with a molar ratio
of 0.6 suggest that the reduction of the Fe2O3 phase to Fe3O4 is
possible at the reaction temperature of 400 ◦C in the case of high
NH3 concentrations. However, the XRD of the spent SbFeO0.6 did
not show any evidence for formation of Fe3O4. Furthermore, the
TPR results suggest that decomposition of the FeSbO4 phase into
Sb2O3 and Fe2O3 is possible at 400 ◦C in the presence of a sufﬁcient
reductive environment. Therefore, the reaction conditions have to
be advisedly selected – especially the ammonia and oxygen con-
centration in the feed – in order to avoid the destruction of the
desirable FeSbO4 phase, which is the active phase.
Finally, the feasibility of the indirect ammoxidation of glyc-
erol to acrylonitrile with the intermediate formation of acrolein
was proven in a tandem-reactor setup. In the experiment over the
13.2wt.% WO3/TiO2 catalyst (step I) and the FeSbO catalyst with a
molar ratio of 0.6 (step II), a yield of 40% in ACNwas observed (100%
glycerol conversion and 40% selectivity to ACN). The long-termper-
formance of the indirect ammoxidation of glycerol mainly depends
on the dehydration catalyst lifetime. The yield in ACN dropped by
10% over 24h TOS due to an increasing NH3/AC ratio caused by the
deactivation of the dehydration catalyst, which led to a decreasing
AC concentration in the feed to the second reactor. Additionally,
the arrival of non-converted glycerol in the second reactor led to
the formation of carbonaceous compounds, which resulted in a
deactivation of the SbFeO0.6 catalyst.
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